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The  kinetics  and  mechanism  of  the  hydrogen  oxidation  reaction  were  studied  in  0.5  mol  dm-3  HC104 
solution  on  an  electrode  based  on  titanium  oxide  with  Magneli  phase  structure-supported  platinum 
electrocatalyst  applied  on  rotation  Au  disk  electrode.  Pt  catalyst  was  prepared  by  impregnation  method 
from  2-propanol  solution  of  Pt(NH3)2(N02)2  and  sub-stoichiometric  titanium  oxide  powder.  Sub- 
stiochiometric  titanium  oxide  support  was  characterized  by  X-ray  diffraction  and  BET  techniques.  The 
synthesized  catalyst  was  analyzed  by  TEM  technique.  Based  on  Tafel-Heyrovsky-Volmer  mechanism 
the  corresponding  kinetic  equations  were  derived  to  describe  the  hydrogen  oxidation  current-potential 
behavior  on  RDE  over  the  entire  potential  region.  The  polarization  RDE  curves  were  fitted  with  derived 
polarization  equations  according  to  proposed  model.  The  fitting  shows  that  the  HOR  on  Pt  proceeds  most 
likely  via  the  Tafel-Volmer  (TV)  pathway  in  the  lower  potential  region,  while  the  Heyrovsky-Volmer 
(HV)  pathway  is  operative  in  the  higher  potential  region.  It  is  pointed  out  that  Tafel  equation  that  has 
been  frequently  used  for  the  kinetics  analysis  in  the  HOR,  can  not  reproduce  the  polarization  curves 
measured  with  high  mass-transport  rates.  Polarization  measurements  on  RDE  revealed  that  the  Pt  cat¬ 
alyst  deposited  on  titanium  suboxide  support  showed  equal  specific  activity  for  the  HOR  compared  to 
conventional  carbon-supported  Pt  fuel  cell  catalyst. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  hydrogen  oxidation  reaction  (HOR)  is  a  very  important  reac¬ 
tion  occurring  in  some  kinds  of  electrochemical  sensors  and  fuel 
cells.  In  acid  media  the  catalysis  of  the  reaction  is  usually  pro¬ 
moted  by  the  platinum  based  catalysts  dispersed  as  nanoparticles 
on  carbon  supports  [1-3]. 

According  to  the  literature  data  there  are  many  questions  that 
are  still  open  with  regard  to  the  kinetics  and  mechanism  of  HOR, 
even  at  Pt  in  pure  hydrogen.  Still,  there  is  no  unique  statement 
of  the  nature  of  the  H  intermediate.  Kita  and  Gao  [4]  suggested 
that  possible  routes  in  the  HOR  mechanism  on  Pt  single  crystal 
electrode  could  be  different  from  the  routes  in  the  hydrogen  evolu¬ 
tion  reaction  (HER),  and  that  underpotentialy  deposited  hydrogen 
(Hupd)  could  be  included  in  the  oxidation  reaction,  too.  Conway 
and  Jerkiewicz  [5]  reported  their  results  where  direct  respective 
parallels  between  underpotentialy  and  overpotentially  deposited 
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hydrogen  (Hopd)  discharge  kinetics  at  various  Pt  surfaces  where  not 
found  out,  due  to  the  different  bonding  situation  of  these  species. 
They  have  stated  that  although  the  Volmer  step  in  the  HER  is  for¬ 
mally  identical  with  Hupd  process  it  takes  place  on  a  surface  that 
is  already  occupied  by  Hupd.  Electrochemical  measurements  and 
spectroscopic  analysis  presented  in  the  work  of  the  Kunimatsu  et 
al.  [6]  suggested  direct  interaction  between  Hupd  and  Hopd  stress¬ 
ing  that  adsorbed  H  species,  detected,  were  the  intermediate  of  HOR 
and  HER  on  Pt,  and  that  is  Hopd.  Contrarily,  Chen  and  Kucernak  [7] 
demonstrated  that  H2  adsorption  process  was  the  slow  step  during 
hydrogen  oxidation,  and  that  it  was  necessary  to  consider  weakly 
and  strongly  adsorbed  H  with  independent  exchange  current  densi¬ 
ties  and  interaction  parameters.  They  stated  that  it  was  not  useful  to 
investigate  the  kinetics  of  the  HOR  at  rotating  disc  electrode  (RDE) 
because  it  exhibited  completely  diffusion  controlled  polarization 
behavior  even  when  using  an  RDE  at  rotation  rate  up  to  7000  rpm 
[8]  and  demonstrated  that  the  single  particle  electrodes  with  sub¬ 
micrometer  size  provided  very  high  mass  transport  rate,  allowing 
the  mechanism  and  kinetics  of  the  HOR  to  be  clearly  revealed  [7]. 

Chen  and  Kucernak  [7]  in  the  same  paper  emphasized  that 
the  contribution  of  the  back  reactions  in  the  HOR  could  not  be 
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ignored  and  therefore  the  kinetic  current,  jk,  that  derived  polar¬ 
ization  behavior  for  the  HOR  should  be  expressed  by  the  full 
Butler-Volmer  equation,  which  means  that  polarization  equation 
for  the  HOR  cannot  be  simplified  with  linear  Tafel  equation.  They 
confirmed,  through  the  simulation  of  the  experimental  polariza¬ 
tion  data,  that  the  HOR  could  be  explained  with  the  Tafel-Volmer 
(TV)  reaction  mechanism  with  the  exchange  current  density  of 
about  27  mA  cm-2,  which  is  much  higher  than  that  measured  by 
using  RDE  in  acid  solutions  (~1  mAcnrr2).  It  is  also  quite  inter¬ 
esting  that  the  most  frequently  referred  value  of  the  exchange 
current  density  for  the  HOR  which  takes  place  through  the  same 
reaction  path  near  the  reversible  potential  at  Pt  in  acid  solution  is 
also  around  1  mA  cm-2  [9,10].  Based  on  published  polarization  data 
measured  on  single  submicroparticles  of  Pt  electrocatalyst  [7]  and 
Tafel- Volmer-Heyrovsky  mechanism,  Wang  et  al.  [11  ]  have  devel¬ 
oped  a  dual-pathway  kinetic  equation  that  describes  HOR  kinetics 
that  fits  these  experimental  data.  They  showed  that  reaction  pro¬ 
ceeded  through  the  Tafel-Volmer  pathway  at  lower  overpotentials 
and  through  the  Heyrovsky-Volmer  (HV)  pathway  at  77  >50  mV. 
Corresponded  values  of  the  exchange  current  densities  obtained 
from  the  best  fits  of  the  microelectrode  polarization  curves  are 
Jot  «  470  mA  cm-2  (Tafel  step)  and  j0H&  10  mA  cm-2  (Heyrovsky 
step). 

The  importance  of  the  supporting  material  for  the  functioning 
of  the  catalysts  is  well  recognized.  It  has  to  offer  a  highly  devel¬ 
oped  surface  combined  with  excellent  electronic  conductivity  and 
corrosion  resistance. 

The  main  advantage  of  the  carbon  support  is  its  extremely  high 
surface  area  combined  with  excellent  electro-conductivity.  The 
ability  to  achieve  a  high  dispersion  and  compositional  homogeneity 
of  the  metal  clusters  on  the  support  is  another  important  require¬ 
ment  for  an  enhanced  electrocatalytic  activity,  which  is  also  fulfilled 
by  carbon.  Thus,  carbon  is  currently  the  most  widely  used  catalyst 
support.  However,  Kangasniemi  et  al.  [12]  have  recently  reported 
that  the  surface  of  Vulcan  X-72  (Cabot),  common  carbon  catalyst 
support  material,  is  oxidized  under  conditions  simulating  the  cath¬ 
ode  environment  of  a  polymer  electrolyte  fuel  cell  (PEFC).  Moreover, 
it  was  found  that  Pt  accelerated  the  corrosion  rate  of  the  carbon  sup¬ 
port  [13,14].  Accordingly,  corrosion  of  the  cathode  catalyst  support 
may  affect  the  durability  of  PEFC. 

On  the  other  hand,  the  anode  catalyst  could  also  be  exposed  to 
much  more  oxidative  conditions  than  the  cathode  during  the  cell 
voltage  reversal  caused  by  fuel  starvation  [15].  In  such  a  situation, 
the  potential  of  the  anode  would  exceed  the  02  evolution  potential 
causing  the  oxidation  of  carbon  support  which  may  lead  to  signifi¬ 
cant  irreversible  deterioration  of  the  cell  performance.  Therefore,  a 
more  oxidation-resistance  catalyst  support  is  preferable  for  a  PEFC 
for  the  cathode  and  anode  catalyst. 

More  recently  other  support  catalysts  have  become  available 
like  a  nonstoichiometric  mixture  of  several  titanium  oxide  phases, 
mainly  Ti407  and  Ti509,  known  as  Magneli  phases  of  the  gen¬ 
eral  formula  Tin02n-i,  where  n  is  a  number  between  4  and  10. 
Commercially  available  product  known  as  ‘Ebonex’  is  supplied  by 
Altraverda  Ltd.  (Sheffield,  UK)  [16-20].  Ebonex  is  electrochemically 
stable,  with  very  high  overpotentials  for  hydrogen  and  oxygen  evo¬ 
lutions,  in  acid  and  base  solutions,  and  high  electrical  conductivity 
of  103  cm-1,  too  [21],  and  that  is  why  it  could  be  suitable  as 

catalyst  support  material.  Since  Ebonex  is  reduced  titania  and  has 
hypo-d-electron  character  it  is  expected  to  have  an  ability  to  inter¬ 
act  with  inert  noble  metals,  like  platinum,  changing  additionally 
the  catalytic  activity  of  the  platinum,  according  to  the  Brewer  the¬ 
ory  [22],  or  changing  the  adsorbate-surface  interaction  energy  due 
to  the  move  of  the  local  d-bond  position  relative  to  the  Fermi  level, 
according  to  the  Hammer  and  Norskov  [23]  concept. 

The  aim  of  this  paper  was  to  investigate  the  catalytic  activity 
of  Pt  nanocatalyst,  synthesized  and  dispersed  on  interactive  home 


made  Tin02n_i  support,  using  impregnation  method  towards  HOR 
in  acid  media,  and  to  develop  kinetic  equations  for  the  HOR  that 
could  consequently  describe  kinetic  behavior  over  the  entire  rele¬ 
vant  potential  region. 

2.  Experimental 

2.1.  Preparation  and  characterization  of  titanium  oxide  with 
Magneli  phase  structure 

Magneli  phases  of  general  formula  Tin02n_i,  were  synthesized 
in  a  typically  synthesis  that  can  be  described  as  follows:  1.5  g  of 
Ti  acetyl-acetonate  (Merck,  Germany)  was  dissolved  in  30  ml  of 
absolute  ethanol  (Superlab,  Serbia).  The  pH  of  the  solution  was 
adjusted  to  the  value  of  11  by  dropwise  adding  of  a  certain  amount 
of  1.0  mol  dm-3  NH4OH  (~6  ml)  under  continuous  stirring  and  then 
the  sol  was  made.  Prepared  sol  was  infiltrated  in  8  g  of  carbon  cryo- 
gel,  obtained  using  standard  procedure  [24],  by  pressure  filtration 
technique.  The  filtration  step  was  performed  in  laboratory  set-up 
with  a  glass  cylinder  (allowing  up  to  10  bar  air-pressure),  and  a  sys¬ 
tem  for  air-supply  and  pressure  regulation.  The  filtration  process 
was  typically  performed  at  the  constant  pressure  of  5  bar.  After  that, 
sol-gel  process  was  occurred  at  room  temperature  for  48  h.  The 
samples  were  dried  by  freeze-drying  (Modulo  Freeze  Dryer  System 
Edwards,  England,  consisting  of  freeze  dryer  unit  with  High  Vacuum 
Pump  E  2  M  8  Edwards).  Each  of  samples  were  pre-frozen  in  deep¬ 
freeze  refrigerator  at  -30  °C  for  24  h.  After  that,  they  were  frozen 
drying  in  the  acrylic  chambers  with  shelves  arrangements  mounted 
directly  on  the  top  of  the  condenser  of  Freeze  Dryer.  The  vacuum 
during  twenty  hours  of  freeze-drying  was  around  4  mbar.  Finally, 
for  simultaneously  removing  of  carbon  and  reduction  of  Ti02,  sam¬ 
ple  was  placed  in  a  conventional  furnace,  first  in  argon  flow  for  18  h, 
and  than  in  air,  for  4h  at  600  °C.  After  the  treatment,  the  furnace 
was  cooled  at  room  temperature. 

Adsorption  and  desorption  isotherms  of  N2  were  measured  on 
titanium  oxide  with  Magneli  phase  structure  at  -196  °C,  using  the 
gravimetric  McBain  method  [25].  The  specific  surface  area,  Sbet,  and 
pore  size  distribution,  were  calculated  from  the  isotherms.  Pore 
size  distribution  was  estimated  by  applying  BJH  method  [26]  to 
the  desorption  branch  of  isotherms.  The  morphology  of  the  syn¬ 
thesized  titanium  oxide  with  Magneli  phase  structure  was  studied 
by  scanning  electron  microscopy  (SEM)  using  JEOL  6300F  micro¬ 
scope. 

2.2.  Catalyst  preparation 

Pt  catalyst  was  prepared  by  a  conventional  impregnation 
method  using  2-propanol  solution  of  Pt(NH3)2(N02)2  (Merck)  and 
titanium  oxide  powder  with  Magneli  phase  structure  (Tin02n_i) 
as  supporting  material.  The  preparation  process  can  be  described 
as  follows:  Appropriate  amount  of  Pt(NH3)2(N02)2  solution 
(10  mg  Pt  ml-1 )  was  slowly  added  to  90  mg  of  support  powder.  This 
was  ultrasonically  blended  for  1  h  and  after  thorough  mixing,  the 
precursor  suspension  was  allowed  to  dry  at  80  °C  for  12  h.  The  pre¬ 
cursor  powder  was  then  set  in  a  tube  furnace  and  reduced  under 
flowing  H2  gas  at  300  °C  for  2h  and  cooled  at  room  temperature 
under  flowing  inert  (Ar)  gas.  The  Pt  loading  of  the  all  catalysts  was 
always  10wt.%. 

2.3.  Electrode  preparation 

Five  milligram  of  Tin02n_i/Pt  catalyst  was  ultrasonically  sus¬ 
pended  in  1.0  ml  of  water-methanol  ( v/v  =  1  /I )  and  50  p,l  of  Nation 
solution  (5wt.%  Aldrich  solution)  to  prepare  catalyst  ink.  Then, 
10.0  pJ  of  ink  was  transferred  with  an  injector  to  the  clean  gold 
disk  electrode  (6  mm  diameter,  with  geometric  surface  area  of 


B.  Babic  et  al.  /  Journal  of  Power  Sources  193  (2009)  99-106 


101 


Fig.  1.  (a)  XRD  pattern  of  titanium  oxide  with  Magneli  phase  structure,  (b)  SEM  image  of  titanium  oxide  with  Magneli  phase  structure. 


0.28  cm2).  After  the  water-methanol  volatilization,  the  electrode 
was  heated  at  80  °C  for  10  min.  The  Pt  loading  of  the  catalyst  was 
always  5  jxg. 

2.4.  Electrode  characterization 

Transmission  electron  microscopy  (TEM)  measurements  were 
performed  using  the  FEI  (Fillips  Electronic  Instruments)  -  CM200 
super-twin  and  CM300  ultra-twin  microscopes  operating  at  200 
and  300 kV  and  equipped  with  the  Gatan  lk  x  lk  and  2k  x  2k  CCD 
cameras,  respectively.  Specimen  was  prepared  for  transmission 
electron  microscopy  by  making  suspension  of  the  catalyst  powder 
in  ethanol,  using  an  ultrasonic  bath.  This  suspension  was  dropped 
onto  clean  holey  carbon  grids  and  was  then  dried  in  air. 

2.5.  Electrochemical  characterization 

A  reversible  hydrogen  electrode  (RHE)  in  the  same  solution  as 
that  of  the  working  electrode  was  used  as  the  reference  electrode. 
A  large-area  platinum  sheet  of  5  cm2  geometric  area  was  used  as 
the  counter  electrode.  The  electrochemical  measurements  were 
performed  in  0.5  mol  dm-3  HC104  solution  (Spectrograde,  Merck), 
prepared  in  deionized  water  (“Millipore”  -  18  M£2),  at  the  temper¬ 
ature  of  25  °C. 


The  experiments  were  performed  by  potentiodynamic  method. 
A  PAR  Model  273  Potentiostat/Galvanostat  was  used  for  all  electro¬ 
chemical  experiments. 

The  cyclic  voltammetry  (CV)  experiments  were  carried  out  in 
the  potential  range  between  hydrogen  and  oxygen  evolution  in 
0.5  mol  dm-3  HCIO4  with  various  scan  rates  at  a  rotating  speed  of 
2500  rpm. 


3.  3.Results  and  discussion 

3.1  Characterization  of  titanium  oxide  with  Magneli  phase 
structure 

Fig.  la  shows  the  X-ray  diffraction  (XRD)  pattern  of  Magneli 
phase  sample,  while  the  corresponding  SEM  image  is  presented 
in  Fig.  lb.  The  diffraction  peaks  in  the  pattern  can  be  indexed  to 
Ti10Oi9,  TisOg,  Ti02  (rutile)  and  Ti305  according  to  JCPDS  card  nos. 
18-1405, 11-0193,  21-1276  and  8-0117.  Titanium  suboxides  such  as 
Ti10Oi9,  TisOg  and  Ti305  contain  Ti  atoms  with  the  mixed  valent 
states,  Ti(III)  and  Ti(IV),  which  is  the  characteristic  of  titanium 
oxides  with  Magneli  structure.  The  blue  luster  should  result  from 
the  valence  electron  transition  between  Ti(III)  and  Ti(IV).  The  SEM 
image  (Fig.  lb)  shows  that  Magneli  phase  sample  consists  of  the 
particles  of  agglomerates  with  uniformly  sized  spherical  particles 


Fig.  2.  (a)  Nitrogen  adsorption  isotherms,  as  the  amount  of  N2  adsorbed  as  a  function  of  relative  pressure  for  titanium  oxide  support  with  Magneli  phase  structure.  Solid 
symbols-adsorption,  open  symbols-desorption.  (b)  Pore  size  distribution  of  titanium  oxide  with  Magneli  phase  structure. 
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Fig.  3.  TEM  image  of  Pt  nanoparticles  on  titanium  oxide  support  with  Magneli  phase  structure  and  the  corresponding  electron  diffraction  pattern  of  Pt  nanoparticle. 


inside  the  agglomerates  whose  distribution  is  rather  wide,  but  with 
enough  individual  particles  lower  than  few  nm  in  size. 

Nitrogen  adsorption  isotherms  of  titanium  oxide  with  Magneli 
phase  structure,  as  the  amount  of  N2  adsorbed  as  function  of  rel¬ 
ative  pressure  at  -196  °C,  are  shown  in  Fig.  2a.  According  to  the 
IUPAC  classification  [27  ]  isotherms  are  of  type  IV  and  with  a  hystere¬ 
sis  loop  which  is  associated  with  mesoporous  materials.  Specific 
surface  area  calculated  by  BET  equation,  SBet,  is  15m2g-1.  Pore 
size  distribution  (PSD)  of  titanium  oxide  with  Magneli  phase  struc¬ 
ture  (Tin02n_i )  is  shown  in  Fig.  2b.  Figure  shows  that  samples  are 
mesoporous  with  most  of  the  pores  radius  between  2  and  9  nm. 

3.2.  TEM  analysis 

Fig.  3  depicts  a  typical  TEM  image  of  in-house  Tin02n-i  / Pt  cata¬ 
lyst.  The  Pt  nanoparticles  are  globular  in  shape  with  a  very  wide  size 
distribution.  Some  of  the  larger  particles  appear  to  be  agglomerates 
of  few  smaller  ones.  Flowever,  it  was  not  possible  to  determine  accu¬ 
rately  Pt  particle  size  distribution  and  to  calculate  the  total  surface 
area  of  the  Pt  particles  by  analyzing  different  region  of  the  catalyst 
from  images,  because  of  non-uniform  distribution  of  the  catalyst  at 
Tin02n_i  support.  The  investigation  of  Pt  nanoclusters  by  electron 
diffraction  (right  hand  side  of  Fig.  3)  shows  that  Pt  nanoparticles 
are  highly  crystalline  with  fee  structure. 

3.3.  Cyclic  voltammetry  results 

Cyclic  voltammetry  tests  were  performed  in  0.5  mol  dm-3  FICIO4 
(as  shown  in  Fig.  4).  The  CV-curve  of  Tin02n_i/Pt  (5  |xg)  rep¬ 
resents  typical  voltammogram  of  Pt  with  very  clear  hydrogen 
adsorption-desorption  and  PtOFI  formation  and  reduction  regions, 
with  the  well  defined  cathodic  peak  at  0.80  V  (RHE),  observed  dur¬ 
ing  the  reduction  potential  scan  that  represents  reduction  of  oxygen 
adsorbed  species. 

CV  was  performed  to  determine  the  electrochemical  surface 
area  and  to  elucidate  the  adsorption  properties  of  the  catalyst.  The 
electrochemically  active  surface  area  of  the  catalyst  was  calculated 
from  the  charge  associated  with  the  anodic  desorption  peak  of  UPD 
hydrogen.  The  base  line  was  taken  by  extrapolation  of  the  double¬ 
layer  region  of  the  voltammogram.  The  electrochemically  active 
surface  area  of  the  catalyst  (5eaSa)  was  calculated  from  the  mea¬ 
sured  charges  assuming  210  [xCcnrr2  as  a  charge  of  full  coverage. 
This  calculation  gives  the  value  of  35  m2  g-1  (Pt)  that  is  quite  high 
keeping  in  mind  low  specific  area  of  Tin02n_i  support. 


3.4.  Kinetics  of  the  hydrogen  oxidation  at  Tin02n-i/Pt  catalyst 
3. 43.  Theoretical  considerations 

The  hydrogen  oxidation  reaction  in  acid  media  can  be  written 


as: 

FI2  2H+  +  2e  (1) 

The  corresponding  elementary  steps  for  the 
Tafel-FIeyrovsky-Volmer  mechanism  on  Pt  catalyst  are: 

H2+2Pt^2H-Pt  (Tafel  reaction)  (2) 

k—T 

H2  +  Pt  ^  H-Pt  +  H+  +  e  (Heyrovsky reaction)  (3) 

k-H 

H-Pt  ^  Pt  +  H+ +  e  (Volmer  reaction)  (4) 

k-v 


In  the  Tafel-Volmer  pathway  the  dissociative  adsorption 
of  hydrogen  molecule  is  followed  by  two  separate  one- 
electron  oxidations  of  adsorbed  H  atoms.  However,  in  the 
Heyrovsky-Volmer  pathway,  one-electrooxidation  occurs  simul¬ 
taneously  with  chemisorption,  followed  by  another  one-electron 
oxidation  of  the  adsorbed  H  atom. 


Fig.  4.  Cyclic  voltammograms  for  Tin02n-i/Pt  (5  |jLg)  electrode  at  different  sweep 
rates,  in  N2  saturated  0.5  mol  dm-3  HC104  solution  at  25  °C. 
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In  steady-state,  the  kinetics  of  the  HOR  for  the  simultaneous 
occurrence  of  the  Tafel-Volmer  and  Heyrovsky-Volmer  routes  can 
be  described  on  terms  of  the  reaction  rate  of  the  elementary  steps 
by  following  equation: 

vF  =  I  =  2  F(vj  +  Vh )  =  F(vh  +  Vy )  (5) 

where  v  is  the  overall  reaction  rate  and  v$  is  the  reaction  rate  of  the 
step  S.  In  steady-state  condition,  reaction  intermediate  does  not 
change  with  time:  d(9/d t  =  2vT  +  vH  -  vv  =  0. 

The  rate  of  the  elementary  steps,  when  Langmuir-type  adsorp¬ 
tion  is  considered  for  the  adsorbed  hydrogen,  in  the  absence  of 
mass-transfer  limitations,  and  assuming  that  the  electron  transfer 
coefficient  is  1/2,  can  be  written  as: 

vT  =  kT{  1  -  6>h)2Ch2  -  (6) 

vH  =  kH(  1  -  0H)CH2exp(F£/2RT)  -  k_H@HcH+exp(-FE/2RT)  (7) 

vv  =  kv@Hexp{FE/2RT)  -  k_v{  1  -  (9H)cH+exp(-FF/2Rr)  (8) 

where  l<s  are  the  rate  constants  for  each  elementary  steps,  <9h 
is  the  coverage  of  the  reaction  FI  intermediate,  Ch2  and  cH+  are 
the  concentration  of  dissolved  hydrogen  molecules,  and  protons, 
respectively. 

At  the  reversible  potential,  F°,  the  overall  reaction  rate  is  zero, 
and  forward  and  backward  reaction  rates  are  equal,  for  each  ele¬ 
mentary  step.  Therefore,  the  exchange  reaction  rate  for  the  three 
elementary  steps  can  be  expressed  as: 

VoT  =  kT(-l-0oHfc°H2  =  k.T(0oHf  0) 

Vo h  =  kH{  1  -  0°  )c°2exp(F£°/2RD  =  k_H0°c°+exp(-FE°/2Rr) 

(10) 


vov  =  kv@0Hexp{FE°/2RT)  =  k_v{  1  -  <9°  )c°+exp(-FF°/2RT) 


(11) 

where,  (9^,  c{^ ,  and  c°+  denote  the  coverage  and  concentrations  at 
F  =  F°.Dividing  the  Eqs.  (6)-(8)  by  their  respective  exchange  rates  in 
Eqs.  (9)— (11 ),  leads  to: 


Vt  =  Vqj 


(\-©H 

(l-0O 


(12) 


Vh  =  Vqh 


1-0° 


exp(Fr//2RT) 


(13) 


Vv  =  Vov 


(@H 

(00 


exp(F?]/2RT) 


x  exp(-Fr]/2RT)] 


1-®H 

1-0° 


(14) 


In  these  equations,  the  term  cH+  /c°+  ^  1  in  acid  solution  and  it  is 
essentially  constant  during  the  HOR.  The  concentration  of  dissolved 
H2  at  Pt  surface  varies  with  the  current  and  the  mass  transport 
rate.  The  relation  is  commonly  described  by  the  equation  cH2  /c{^  = 

(l  -  where  4  is  the  H2  diffusion  limiting  current  at  high  poten¬ 
tial  when  Ch2  approaches  zero.  Thus,  the  Eqs.  (12)  and  (13)  can  be 


modified  by  incorporating  these  relationships  and  combining  them 
with  the  Eq.  (5),  yields: 


/  =  2Fvqt 


+2Fv0h 


K) 


1-0°; 

1-00 


&H 

<9° 


(l  -  L)  exp(Fri/2RT) 


exp(—Fr]/2RT) 


(15) 


Multiplying  by  2Fboth  sides  of  Eqs.  (9)  and  (10)  one  can  correlate 
the  exchange  rates  to  the  exchange  currents: 

2Fv0T  =  2FkT(l  -  0oHfc°2  =  /0T(1  -  &0Hf  (16) 

2Fv0H  =  2FfeH(l  -  ©h)ch2 exp(F£°/2Rr)  =  I0H(  1  -  0°  )  (17) 


Incorporating  Eqs.  (16)  and  (17)  into  Eq.  (15),  leads  to: 


/  =  Iqt 


(1  -  0H)  (i  -  L)  exp(Fr]/2RT)  -  (1  -  0°  ) 


:  exp(-Frj/2RT)j 


+h  H 


(9° 

kjh 


(18) 


Dependence  of  0H  on  r\  (or  F)  can  be  obtained  by  solving  the  equa¬ 
tion  d(9/d t  =  2vt  +  vH  -  vv  =  0  at  steady-state.  Wang  et  al.  [11] 
found  that  simple  expression  can  be  used  under  the  assumption 
that  Volmer  reaction  rate  is  sufficiently  larger  than  the  Tafel  and 
Heyrovsky  reaction  rates.  For  sufficiently  small  (9^  and  ri  >  0  fol¬ 
lows: 


=  exp(-F^/yRT)  (19) 

where  y  is  the  potential  range  constant  for  the  adsorption  isotherm 
determined  by  the  exchange  rates  for  the  three  elemental  reactions 
and  also  function  of  <9° .  Previously,  simulations  [28]  showed  that 
(9°  ranging  from  0.09  to  10-7.  Incorporating  Eq.  (19)  into  Eq.  (18) 
and  letting  (1  -(9n)and(l  -  (9^)  be  unity,  Eq.(  18)  can  be  presented 
in  more  simplified  form: 


/  =  Iqt 


exp(-2  Fri/yRF) 


+  Jo. H 


(l  -  L)  exp(Fr]/2RT) 


-  exp(-Frj/yRT)exp(-Frj/2RT)J 


(20) 


This  can  be  rearranged  as: 


/0T(1  -  exp(-2F^/yRT)  +  /0H[(exp(Fr7/2RT) 
-exp(-Fy//)/RT)exp(-F^/2RT)]  =  Ik 

1  +  Iot/Il  +  IoH/hexpiFrj^RT)  “  1  +  If/IL  1  j 

The  numerator  in  the  above  equation  corresponds  to  the  kinetic 
current,  Ik,  when  the  limiting  current,  4  -►  oo.  The  sum  of  the  two 
positive  terms  in  the  dominator  represents  the  kinetic  current  of 
the  forwards  reactions,  /f. 

Here,  I0T,  I0H  and  y  are  the  three  essential  kinetic  parameters. 

Wang  et  al.  [11]  have  shown  that  the  HOR  takes  place  domi¬ 
nantly  through  Tafel-Volmer  pathaway  on  Pt  for  ij<50  mV,  where 
the  current  rises  rapidly  in  an  inverse  exponential  function.  In  this 
case,  Eq.  (20)  can  be  presented  in  a  more  simplified  form: 


/  =  I0T 


exp(-2  Fij/yRT) 


(22) 
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Fig.  5.  Polarization  curves  obtained  with  rotating  disk  electrode  at  v  =  2  mV  s-1  for  H2 
oxidation  in  0.5  mol  dm-3  HC104  solution  at  Tin02n-i  /Pt,  for  several  rotation  speeds. 


and  rearranged  as: 

1  =  (jot+Il)  [1  “  exP(-2Frj/yRT)] 

(23) 

or: 

exp(-2 Frj/yRT)  =  1  -  2-  _  1 

(24) 

If  the  Iot  » I  condition  is  fulfilled  (this  condition  can  be  easily  ful¬ 
filled  even  in  RDE  measurements),  than  the  second  term  on  the 
right  side  of  Eq.  (24)  can  be  neglected  and  equation  becomes: 


Eq.  (25)  is  the  similar  to  the  Nernstian  equation  (£  =  -§?ln  (^)) 
for  pure  diffusion  controlled  reaction  when  Tafel  and  Heyrovsky 
elemental  steps  are  in  the  quasi-equilibrium  state,  and  which  is 
frequently  used  to  prove  that  the  HOR  takes  place  as  the  reversible 
reaction. 

3.4.2.  Determination  of  the  kinetic  parameters 

Fig.  5  presents  the  hydrogen  oxidation  polarization  curves  for 
several  rotation  speeds,  obtained  at  scan  rate  of  2  mV  s-1.  The  cur¬ 
rent  is  increased  rapidly  with  potential  on  each  curve  and  reach 
limiting  value  at  ca.  50  mV  (RHE). 

The  HOR  polarization  curves  presented  in  Fig.  5  were  first  ana¬ 
lyzed  in  low  potential  region  using  Eq.  (25)  in  order  to  calculate 
the  kinetic  parameter,  y.  The  solid  lines  in  Fig.  6  show  that  agree¬ 
ment  with  the  data  is  obtained  for  the  value  of  y  =  1.38  which  does 
not  depend  on  the  rotation  rate.  Assuming  also,  that  HOR  takes 
place  dominantly  through  the  Tafel-Volmer  pathway  in  low  poten¬ 
tial  region,  and  if,  for  instance  p  <  5  mV  the  overall  reaction  rate  can 
be  presented  by  Eq.  (22)  in  which  the  exponential  may  be  expanded 
and  higher  terms  neglected,  so  that  one  obtains: 

L  =  3L(  Uor  )  (26) 

rj  yRT{loT  +  hJ  J 


Fig.  6.  Measured  (symbols)  and  fitted  (lines)  polarization  curves  for  the  HOR  on 
Tin02n-i  /Pt  RDE  at  different  rotation  rates  in  hydrogen  saturated  0.5  mol  dm-3  HC104 
solution  at  25  °C.  Fitted  curves  were  obtained  using  Eq.  (25)  in  order  to  determine 
the  kinetic  parameter  y. 


Fig.  7.  Experimental  data  (symbols)  and  fitted  (lines)  polarization  curves  for  the 
HOR  on  Tin02n-i/Pt  RDE  in  hydrogen  saturated  0.5  mol  dm-3  HCIO4  solution  at 
25  °C.  Fitted  curves  were  obtained  using  Eq.  (26)  and  the  kinetic  parameter  y  =  1.38, 
previously  determined. 

Fig.  7  presents  the  corresponding  polarization  data  recorded  at  dif¬ 
ferent  rotation  rates  in  low  potential  region.  Values  of  exchange 
current  for  Tafel  step,  %  were  calculated  from  the  slope  of  linear 
r\-l  (or  E  (RHE)-/J,  using  Eq.  (26),  (mean  value  is  presented  in 
Table  1 ).  Now,  it  is  possible  to  estimate  the  last  third  kinetic  param¬ 
eter,  I  oh  by  fitting  the  RDE  polarization  curves  in  the  whole  potential 
range  with  Eq.  (21).  The  solid  lines  in  Fig.  8  show  that  agreement 
with  the  polarization  data  ( symbols)  is  obtained  by  the  best  fits  with 
one  variable  kinetic  parameter.  The  values  of  the  calculated  kinetic 
parameters  that  fit  the  polarization  RDE  curves  are  presented  in 
Table  1. 

Finally,  as  shown  in  Fig.  9,  the  Tafel-Volmer  pathway  is  respon¬ 
sible  for  the  high  HOR  activity  on  Pt  at  p  <  50  mV,  where  the  current 
rises  rapidly  in  an  inverse  exponential  fashion  to  a  value  close  to 
Iot .  Further  increases  are  realized  through  Heyrovsky-Volmer  path- 


Table  1 

Calculated  kinetic  parameters  for  the  HOR  at  titanium  sub-oxide  supported  Pt  catalyst. 


Tin02n-i  -support,  S  (m2  g-1 ) 

Pt  catalyst 

Jot 

l0H 

y 

m2  g-1 

cm2  (5  |jLg  Pt) 

mA 

mAcm2 

Amgpt-1 

mA 

mAcm-2 

Amgpt-1 

15 

35 

1.75 

50 

28.6 

10 

3 

1.7 

0.6 

1.38 
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Fig.  8.  Measured  (symbols)  and  fitted  (lines)  polarization  curves  for  the  HOR  on 
Tin02n-i/Pt  RDE  in  hydrogen  saturated  0.5  mol  dm-3  HC104  solution  at  25  °C.  Fit¬ 
ted  curves  were  obtained  using  Eq.  (21)  and  the  corresponding  kinetic  parameters 
y  =  1.38  and  Jor  =  50  mA,  which  had  been  previously  determined. 

way,  which  becomes  important  at  high  overpotentials  where  JTv 
levels  off.  For  comparison,  the  kinetic  current  calculated  using  the 
Butler-Volmer  equation  jk  =j0(e2-3^b-e_2-3^b)withj0  =  1  mAcm-2, 
and  b  =  30  mV  dec-1  was  presented  in  Fig.  9,  too  (dotted-dashed 
line).  The  difference  between  the  two  kinetic  curves  is  high  and  it 
is  clear  that  Butler-Volmer  equation  cannot  reproduce  the  polar¬ 
ization  curves  measured  with  high  mass-transport  rates  as  it  was 
stated  by  Chen  and  Kucernak  [7].  This  conclusion  that  is  based  on 
our  experimental  results  is  in  agreement  with  theoretical  fact  that  if 
a  preceding  chemical  adsorption  is  followed  with  electron  transfer 
reaction,  as  we  proposed  in  the  kinetic  analysis  for  HOR,  then  the 
using  of  Butler-Volmer  equation  could  not  be  correct  in  performing 
the  kinetic  of  the  reaction. 

Also,  by  comparing  the  feature  of  our  curve  in  the  low  potential 
region  (Fig.  9),  that  was  calculated  by  using  the  proposed  mech¬ 
anism,  with  anodic  polarization  curve  for  the  HOR,  derived  from 
half-cell  under  actual  PEMFC  operating  conditions  (29,30],  one  can 
see  very  good  conformity. 

Kinetic  current,  Jk,  for  the  HOR  at  E  (RHE)  =  30mV  is  45  mA 
(Fig.  9)  which  corresponds  to  the  mass-specific  current  density  of 
j  =  9Amgpt_1.  This  finding  shows  that  the  Pt  catalyst  deposited  on 


Fig.  9.  Kinetic  current  for  the  HOR  on  Tin02n-i  /Pt  electrode  at  25  °C  calculated  using 
the  numerator  in  Eq.  (21 )  with  I0T  =  50  mA,  I0h  =  3  mA  and  y  =  1.38.  Dashed  and  dot¬ 
ted  lines  represent  the  contributions  from  the  TV  and  HV  pathways,  respectively. 
Dashed-dotted  line  shows  the  kinetic  currents  calculated  using  the  Butler-Volmer 
equation  with  j0  =  1  mAcm-2  and  b  =  30  mV  dec-1  and  S=  1.75  cm2. 


titanium  suboxide  support  exhibits  similar  specific  activity  for  the 
HOR  compared  to  a  conventional  carbon-supported  Pt  fuel  cell  cat¬ 
alyst  in  spite  of  the  relatively  low  specific  surface  area  of  Pt  catalyst 
(35  m2  g-1). 

4.  Conclusions 

The  kinetics  and  mechanism  of  electrochemical  hydrogen  oxida¬ 
tion  reaction  on  home-made  Tin02n_i/Pt  electrode  in  a  perchloric 
acid  solution  has  been  studied.  Based  on  Tafel-Heyrovsky-Volmer 
mechanism  the  corresponding  kinetic  equations  were  derived  to 
describe  the  HOR  current  behavior  on  RDE  over  the  entire  overpo¬ 
tential  region.  Appling  these  in  analysis  of  the  polarization  curves 
measured  for  Tin02n_i/Pt  (5  p,g)  at  RDE  three  essential  kinetic 
parameters  were  determined: 

I0t  =  50  mA  (lOAmgpt-1),  J0h  =  3  mA  (0.6AmgPt_1)  and  y  =  1.38. 
It  is  pointed  out  that  Tafel  equation  that  has  been  frequently  used  for 
the  kinetics  analysis  in  the  HOR  cannot  reproduce  the  polarization 
curves  measured  with  high  mass-transport  rates.  The  fitting  shows 
that  the  HOR  on  Pt  proceeds  most  likely  via  the  Tafel-Volmer  path¬ 
way  in  the  lower  potential  region,  while  the  Heyrovsky-Volmer 
pathway  is  operative  in  the  higher  potential  region.  The  Pt  catalyst 
deposited  on  titanium  suboxide  support  exhibits  similar  specific 
activity  for  the  HOR  compared  to  a  conventional  carbon-supported 
Pt  fuel  cell  catalyst  in  spite  of  the  relatively  low  specific  surface  area 
of  Pt  catalyst  (35  m2  g-1 ). 

The  aim  of  our  further  work  should  be  the  improvement  of  the 
preparation  procedure  in  order  to  increase  the  surface  area  of  tita¬ 
nium  sub-oxide  support  as  a  way  of  improving  active  surface  area 
of  the  catalyst. 
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